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AIRCRAFT RECEPTION OF 137 - 138 MHz AND 400.15 - 401 MHz METEOROLOGICAL­
SATELLITE SIGNALS SHOULD BE PROTECTED ONLY WIDLE THE ASSOCIATED SATELLITE

IS LOCATED AT ELEVATION ANGLES OF FIVE DEGREES OR GREATER

Thomas M. Sullivan

1. Introduction

The analysis of reception of Meteorological-Satellite ("MetSat") signals that was filed with the FCC by
Leo One USA1 considered typical MetSat receivers with a low-gain, hemispherical-coverage antenna
operating at an unobscured site on land. These receivers are representative of Earth-based, portable,
low-cost earth stations that receive transmission from NOAA and DMSP satellites. That analysis
demonstrated that in light of attendant functional requirements, performance factors, and international
frequency sharing criteria, MetSat earth station receivers operating at 137-138 MHz and 401.5 - 401
MHz should be protected only while the associated satellites are located at elevation angles offive (5)
degrees or greater. Subsequently, questions have arisen regarding the applicability of these fmdings to
reception of MetSat transmission by aircraft earth stations. The international performance and sharing
criteria considered in the previous analysis apply equally to reception by Earth-based and airborne
aircraft earth stations? Specifically, no performance objectives or interference and sharing criteria have
been developed for reception ofMetSat signals by aircraft at elevation angles less than five (5) degrees.
This is because functional requirements of meteorologists generally impart no need to receive MetSat
transmissions at such low elevation angles, as discussed below. This notwithstanding, applicable
measurements and models indicate that as for land-based earth stations, aircraft reception of MetSats
below five (5) degrees elevation would not be possible as a result endemic performance limitations.

2. Functional Requirements for MetSat Reception by Aircraft

The observations made in the analysis of functional requirements for reception of MetSat signals
from Earth-based receivers also apply to reception by aircraft earth stations. Specifically, the duration,
geographic extent and frequency of data reception from a MetSat satellite at low elevation angles are all
too small to support reliable forecasting for the corresponding distant-areas being observed'by the
satellite. Thus, when MetSat data are needed for these distant areas, the data are obtained either from a
MetSat earth station that is proximate to the distant area (e.g., via a communication link) or from
playback of data recorded by the satellite when it is observing the distant area. The fact that the MetSat
satellites are visible from aircraft at lower elevation angles than from Earth-based earth stations has no
bearing on the underlying requirements of meteorologists.

See Comments of Leo One USA in 18 Docket No. 96-220, December 20,1996 at Appendix D.

For the 137-138 MHz and 400.15 - 401 MHz bands, Recommendations ITU-R SA. 1025-1
and SA. 1026-1 specify meteorological satellite performance objectives and interference criteria for
99.9% of the time that the elevation angle is five (5) degrees or greater.

•



3. Performance Limitations

3.1 Department ofDefense Measurements

Multipath fading levels measured for aircraft reception ofVHFIUHF satellite transmissions
indicate that the average fading depth at minus four (-4) degrees elevation is 4 dB and increases to 6 dB
as the elevation angles is increased to five (5) degrees.3 As shown in Tables 1-3, below, the average
(50%ile) values offading for aircraft reception of 137-138 MHz and 400.15-401 MHz MetSat
transmissions exceed the power margins available for fading.4 Even larger fade levels are exceeded for
smaller but significant percentages of time. Thus, aircraft reception of MetSat signals generally is not
possible at elevation angles less than five (5) degrees.

Table 1 - Comparison of Fade Margins and Average Fade Levels for Aircraft Reception of
NOAA APT Transmissions (137-138 MHz)

--.

Elevation
Angle

(degrees)
Fade Margin

(dB)
Average

Fade Level
(dB)

5

-3.4

6.1

4

-3.5

5.7

3

-3.8

5.3

2

-4.1

5.0

1

-4.4

4.7

o

-4.7

4.4

Table 2 - Comparison of Fade Margins and Average Fade Levels for Aircraft Reception of
LRPT Transmissions (137-138 MHz)

Elevation
Angle

(degrees)

Fade Margin
(dB)

Average
Fade Level

(dB)

5

0.8

6.1

4

0.7

5.7

3

0.4

5.3

2

0.0

5.0

-0.3

4.7

o

-0.5

4.4

3

4

"Airborne Measurements of Electromagnetic Wave Reflections from Land and Sea Water," Allen
L. Johnson, U.S. Air Force Avionics Laboratory, Advisory Group for Aerospace Research & Development,
Conference Proceedings No. 269. .se.e Figures 7, 14, and 18.

The fade levels presented in Tables 1-3 are average fading depths given in the reference of n.3,
infra, for an aircraft at 30,000 feet and reception at 300 MHz (circular polarization). Frequency sensitivity
of fading between 137-138 MHz and 400.15-401 MHz was found to be less than 1 dB in the analysis of
Earth-based reception (n.1, infra). The fade margin presented in Tables 1-3 are derived from the link
power budgets presented in the analysis of earth-based MetSat earth stations (n.1). Specifically, the fade
margins are the sum of entries in Tables 1a, 1b, and 2 of the preceding analysis for Surface Multipath,
Refractive spreading and Power margin.
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Table 3 - Comparison of Fade Margins and Average Fade Levels for Aircraft Reception of
DMSP Transmissions (400.15-401 MHz)

Elevation
Angle 5 4 3 2 1 0

(degrees)

Fade Margin
(dB) 2.2 2.1 1.8 1.4 1.2 0.9

Average
Fade Level 6.1 5.7 5.3 5.0 4.7 4.4

(dB)

3.2 lTU-R Models of Propagation Impairments

Models for propagation impairments have been developed by the lTU-R for aeronautical earth
station reception only near 1.5 GHz and at elevation angles exceeding three degrees.s However, the
measurements discussed above corroborate the form of the lTU-R multipath model that was applied in
the analysis of reception by land-based earth stations that demonstrated that the 80%ile multipath fading
(and average refractive spreading) losses exceeded the available fade margins at low elevation angles.
Based on the sensitivity manifest in the lTU-R multipath and refractive spreading models to varying
frequency and antenna height as well as comparison of models for aircraft and Earth-based reception
near 1.5 GHz,6 the propagation impairments occurring with aircraft reception will differ from those with
Earth-based reception in the following respects:

(1) The refractive spreading loss experienced by airborne airW"aft earth stations will be less in the
range of zero-to-five degrees elevation, but will be comparable (i.e., up to about 2.7 dB) at
elevation angles less than zero degrees (i.e., at positive depression angles) due to the signal
path's transiting of atmosphere having a high index of refraction.

(2) The correlation bandwidth and Doppler spread experienced during aircraft reception
generally impose substantially greater degradation to aircraft reception. The correlation
bandwidth for an aircraft at high altitude is less than 40 kHz; thus, receiver equalization
generally is needed to receive the wider bandwidth signals ofLRPT at 137-138 MHz and DMSP
at 400 MHz to limit the degradation to aircraft reception. .

ITU-R Recommendation 682-1, "Propagation Data Required for the Design of Earth-Space
Aeronautical Mobile Telecommunication Systems."

The sensitivity of propagation impairment models to varying frequency and antenna height and
comparisons of the impairments encountered with reception by aircraft and Earth-based earth stations are
based on the information in ITU-R Recommendations 682-1 (n. 5, infra) and 681-1 ("Propagation Data
Required for the Design of Earth-Space Land Mobile Telecommunication Systems"); Reports 1169 (:Sea
Surface Multipath Effects in the Aeronautical Mobile-Satellite Service"), 1008-1 (used in the analysis of
Earth-based MetSat earth stations), and 925-1 ("Factors Affecting the 'Choice of Antennas for Mobile
Stations of the Land Mobile-Satellite Service"), and the ITU-R Handbook on Radiometeorology (1996).



In sum, the theoretical models indicate that the net propagation impairment to reception of
MetSat transmissions by aircraft at low elevation angles generally is more severe than that experienced
by Earth-based receivers. Thus, it is concluded that reception of MetSat signals at elevation angles
below five degrees on aircraft is at least as unreliable as reception by Earth based terminals.

(3) The multipath losses experienced by aircraft earth stations generally will be significantly
greater than those experienced by Earth-based earth stations for a given percentage of time. The
fading statistics are dependent on the location of the receiver antenna on the aircraft fuselage. If
mounted atop a large fuselage in a manner that obstructs degrading surface multipath signals,
then the fuselage also would obstruct the signal from the satellite when it is at low angles of
elevation. If otherwise mounted to afford unobstructed view of the MetSat satellite when it is at
low elevation angles, which is typical of aircraft antenna installations, then the full brunt of the
surface multipath signals will be received and compounded by multipath signals from the
fuselage itselr.?

7 The reference cited in n.x presents measured aircraft antenna "illumination factors" (Le., ratio of
antenna gain levels towards the area of Earth reflection and toward the satellite), which demonstrate that
typical aircraft antennas (blade or crossed-dipole) operating at 30,000 feet altitude have illumination
factors of greater than -1 dB at zero (0) degrees elevation or less. Interpolation of values av.eraged over
all aircraft bearings relative to the satellite yields an illumination factor of -1.2 dB at five (5) degrees
elevation. This means that the aircraft fuselage typically provides no substantial shielding of the degrading
surface multipath signals at low elevation angles.
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• AIRBORNE "EASUREMEIfTS OF ELECTRMGNETIC WAYE REFLECTIONS FRrII lAHO ANO SEA WAT[R

Anen L. Johllso"
U. S. A1~ Force Avionics l\borltory

Wright-Patterson AFt. Ohio

Kult1,ath fading ca~sed by terrlin reflections cln disrupt ,n lirbOrne communication or navigltion syste-.
Th. s.verity of the ~lti~th is dependent upon the ,nlennt ill~1nat1on factor. surf.c. reflection r;­
efficient, and the div.r~tftce 01 tne r.t:e'ttd s1gnll. A;rborne ..Isur...nts ha~e verified that severe
MUlt1path is regul.rly encountered over wa~er when the aircraft is canlUniclting with I sltell~te It • low
el.vat1on .ngle. Techniques which can redvce the MUltipath fading effect inclUde the use of d,rect1ve
antennlS, circular polarization and divers1t1 techniques.

1. ImODUCTI ON

The reflection of el.ct~gnet1c ~~.s from tnt terrain c.n cause 1nterf.rence in the fo~ of JU)t1path
flcting. which ean senrely disrupt an ai"borne c-.n1eation or nlviagat10n syst.. The basic probltlll .
explored fn this paplr is thl devllopeent of thl theoretieal and ..asured mult1plth fading characteristics
of a satellite-to-aircraft comlUnicat1on/nav1gat1on systel and suggested techniques for i.prov1ng Slste­
perfo,.nce.

2. MUlTJPATH MODEL

The _lt1pnh MOdel which is proposed consists of a direct cOIIlPOrtent and two reflecthe clllltpOnenu. a
specu1ar and a diffuse. F1ture 1. The severity of the effect of tult1path fld1ng is dependent upon the
antenna ~ttern. the I"tflection coefficient, and the curvlture of the reflecting surface. The depth of
IUlt1path fading is given by (Frlnkl1n. S. 8•• , 1971):

Fade depth in db • 20 log (1 - k~IRID)

whl"e K' " the antennl il'u.inat1on flctor (rlt10 of antenna gain in d11"tct1on of reflection to qain in
d1"tct1on of direct pith); R is the reflection coefficient of the reflecting su"flc,. Ind n is the dive"enee
flctor for the sureadina from the curved el~th.

Z.l AAtanna Illumination Flctor

The .ntenn, pattern. or antenna ill~in.tion f.ctor, h.s I major ;n'luenet on the MUlt1path
severity. Three types of antennas Ire tllultr.te~ in Figure 2. The first is I blade type antenna which
has a horizon coverlg_ plttern. The horizon cov,rage pattern tends to i1'u.inate the ref'ecting su"flce
Ind gener."y results in I '.rg. illu-inetfon f.ctor.

The antenna 11'u-inat10n factor is dependent upon the azilUth direction. Any real Intennl MOunted on In
aircrlft has nulls Ind peaks in its pattern. Ind the glin toward the satellite or toward the r,flecttng
surflce vlr.es with the aircraft helding. The averlge illu.1natton flctor. K' , fro- a ...sured blade
antenna pattern on an a1"craft 1s given 1n Tabl. I. A ring. of KI for the best and worst case aircraft
directions is given in Table II.

The overhead Intennl pattern chl"acte,,1stics of I crOSS-dipole Intennl give considerable protection to the
multipath reflective component when th' satellfte 1s It a high elevation angle. This discrimination re­
sults 1n I low antenna illuainlt10n factor, Table 1.

A third Int."n, type fs • dfrtetfve antenna pri.arily used It the microwave '",qu,ncies. The directive
Intenna. again, gives good protection against the reflected signal unless the ~atellite i~ right on the
horizon. Table I. .

TA8LE t: Antennl IllUMination Factor (k') for Vlrious Antennas·
(For Aircrlft at 30,000 Ft.)

ELEVATJO~l AVERAGE AVERAGE Ot1HI AVEAAGE AVERAGE
AHGL£ HOItlZON ANTENNA OVEItH£AD DIRECTIONAL

ANTEtlHA AHTENJIA ANTENNA
fi)~ .18 .10 .026 .bo3
80· •14 .10 .026 .003
70· .1. .10 .032 .003
60· .14 •)0 .032 .003
SO· .14 •14 .032 .003
40· .18 .18 .04 .01
30· .22 .32 .05 .02
20· .50 .56 .08 .03

..... 10· .71 .71 .20 .10
,.... O· .94 .94 .89 .'6-3* 1.00 1.00 1.00 1.00 .

·1ro- Burnside, W. D. It ., 1973
Clanton. S., 1974
Haroth. V•• 1963
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TA8LE II: Anteftnl Illu.iftat10n factor Var1.nceS (K1
).

(For Aircraft at 30.000 ft.)
Typical Horizon Coverage,Antenna

EL£VATJOJIt AMG1.£ MINllUI 1C1 AVEAA5E 1:1. MAlIM ",

90- .10 .18 1.00
80- •10 .1• .7'
70· .03 .14 .56
60· .03 .14 .31
50· .03 .14 .~S
40· .~3 ." .56
30· .03 .22 .79
20· .03 .50 .79
10· .10 .71 .89
O· .89 .94 1.00

..3- 1.00 1.00 1.00

·from Clanton, S., 197.

~.2 Rtflect1o~ Coeff1cient

The reflect'Oft coeff'citrlt ~s... 'ft the prececl'n, equat'on ts a cOlllb'nltton of the basic reflectton
coeffic1t~t of the surface IUlt'p11ed by the specular, or diffuse, ref1eet'on coefficient. Tht baste
reflection coefficient is depelldtftt upon the type of reflect'ng surfact. the polar1zation of the reflected
wave, the eleyation In,le of the ref1ec:t1on Ind freQuency.

For I hori%ontally pol.r1zed incident wav., the reflection coeffic1ent 1s g'ven by (Reed and Russell, "64):

11.':\

~ ...... ,

Rt!. Sfn ... 1111 - Cosi t
Sin. + Ini - COli •

where 1'1 1l .. complex reflecttvity factor • t r • j 18000 f1
f c• ts the ,razing angle shown tn Figure ~

tr is th. relattye d1electr1c constant

G is the conductivity in mhoS/Meter

f c ts the carrier frtQlltncy in 'l«t

Heither the a~lttude nor phisl of the hor'lontal reflect'on toeff1ti.nt is ytry sensltivt to the physic.'
surface constants nor frequency, Figure 4. Typical values of the phYsical constants for various types
surfaces are giyen in Table 111.

TABLE III: Physical Properties of Various Reflect'ng Surfaces·

SURFACE TYPE PERMEABILITY

"
DIElECTJe

t,.
COHDtlCTIYITY

o

Fr.e space 1.257 )( 10·' • u~
, Henr'lmeter

Distine<: Wlter
Fresh ",.ter
Sea wlter
Jel (fresh water)
Dry, sandy. flit cOlstll '.nd (dry firth)
Hlrlhy. forested. nat lind (~t earth)
Farmland ... low hills
Pastor.l lind. -.d1um hills'
Aoc~ lind, steep hills
Mountainous
City, residential Irel
ctty, industrial Irel

·from Kerr, D. E., "51
Reed and Russell. 19~

8.855 lC lO·1t • t.,
Faracl/lIltter

18
80
80

3
5

30
lS
13
10
5
5
3

./lllftlr

1 )( 10·'
8 Ie 10·'
5
2 l( 10·~

1 II 10.10

1 II 1D··
, II 10.1
5 lC 10·'
2 lit 10·'
1 Ie 10""
2 JC 10·'
1 Ie 10. 1
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When thtr. Is ~ter, snow or 1ce over another surflce such as land, the dapth of penetration of the
.'tctr~gnet1c wave dltermints whether the top surf.ce or • combination of the top and underlying surface
determine the p~s1cIl constants. The depth of penetration ~s given by (Jordan, E. C., 1955):

a -(rlc +~ ~ - ~)-~

where: 6 • depth of penetration

~ • plrmeab11ity in !~nry/mtter

t - di11ectr1c constant in Farad/Meter

'a - conductivity in ~os/~ter

~ • Zw fc in Hertz

f e• carrier frequency in Hert%

The depth of penetrlt10n for several surfaces It JOO MHz 15 given in Table IV.

TA8LE IV: Depth of Penetration
(For 300 MHz)

S.I Wlter
Fresh ~Iter
Ic.
Averlge land

0.015 IIttirs
5.93 ..Urs

45.93 llleters
Z•06 lIltun

For I vertically polarized incident wave, the reflection coefficient 15 given by (Reed and Russell, 1964):

Iv • n1 $1n • - I nl - Cos" t
n1 Sin, + I ni - Cosi •

The •.,'1tudt of the vertica' reflection coefficient goes through I mtnilUD at a graling angle (ca',ed the
Brewster Ingle) which is dependent on the physical surface constants and frequency. Two e~••ple$ are shown
in Figure 4. The phase goes through I 180e reversal .round the point of minimum &mp11tude.

For a circularly polarized incident w.ve, the reflection coefficient is g1v~n by (Ch1nnick, J. H., 1977):

Rcs • 1Rhl + Ryl + 2 Rh Ry Cos (th - tv)
2

when the direct and reflected waves have t~e !!!t sense circular polar1zltion

.nd Reo·' A' h • R'y - Z ah Ay Cos rt h - tv)
Z

when the d1rect Ind reflected waves have oppostte sense c1rcullr pol.r1zat10n.

The •.,l1tude of the SI-e sense ctrcvlar reflectiYe coeff1c1ent f.'ls between the hor110ntll and vertical
reflection coeff1c1ents. The amplttUde of the opposite sense circular reflection coefficient starts high
at llrge gr.z1ng an91es 11le the horizontal reflect10n coefficient and goes to zero .5 the grazing .ngle
decre.ses to zero.

The surface roughness will detena1ne the ratto of specullr to d1ffuse reflected energy. For I SMOoth
surf.ce the specular component will predominate, while for a rou9h surf.ce. the dlffuse scattered
component predominates, Figure 5 (Beckmlnn and Sp1zzichino, 1963). For I relatively SMOoth surface the
coherent scattering 1s limlted to the f1rst Fresnel Zone. However, for. very rough surface such IS •
rough sea, the scattering may come from a considerably larger arel.

Surface roughness tends to be elevlt10n Ingle dependent. Even the ver, rough sea appears smooth when vlewed
from. very low elevation Ingle. The relltionship between surface rOu9hnt~s and elevat10n angle 1s shown
1n Tlble V. When the grlz1ng Ingle e~ceeds lbout twice the crittcil Ingle shown 1n Table V, the specular
cOftponent becomes tns1gn1fic.nt Ind the reflectlon coefftcient depends upon the diffuse scattering 'Ictor.

I ._ • __
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r." . ~.

-w

1 SlIlooth 0-0.3 0-0.055 >45 >13 >6 >1.8
2 Slight 0.3-1 0.06S-0.21 12-45 4-13 1.a-6 0.5-1.8 .........

~~:::.:.:.:.

3 Moderate 1-1.5 0.21-0-.32 8-12 2.6-4 1.2-1.8 0.3-0.5
4 Rough 1.S-2.5 0.32-0.54 5-8 1.6-2.6 O.'-1.Z 0.2-0.3
5 Very rough 2.S-4 0.54-0.86 3-5 1-1.6 0.4-0.' 0.12-0.2
6 High 4-6 0.86-1.3 2-3 0.7-1 0.3-0.4 0.04-0.12
7 >6 >1.3 <2 <0.7 <~l. :s <0.04

-from 8ec~nn and Spi1%iehino, 1963

Where 8

lid

fc

c

d

dl

dZ
e

where

TA8l£ V: ~ximum Angles for Specular Reflect'on at 01fferent Frequencies and S•• States·

Sea StAt. Oescr;ption W.~e ~s Hei9ht. Critical An,'e, T"X (dea)
"_ero of Sea Height (m) 0b (Ill) ,,~. 7 II 1-0.21' 1\ >.-0.' r. )"0.03 •

These equations predict the fide rates shown in Figure 7. Helsur...nt of the power spectral density of the
s1tnal shown in the top of Figure 7 is plotted in figure 8 (JohnsOA. et ", 1979). While the diffuse power
sptc~rll density decreases It approximatel, ,-z, a very $t~9 specular cOMpOnent can be seen at .pproxi­
mately .75 Hz. The autocorrelation function of this sa~ signal shows a repetitive correl.tton with'
spacing of approx1~tely 1.3 seconds. Figure 9.

3. MEASUR£H(HT TECHNIQUES

One of the ·-e.sure~nt techniques used to separatelhe direct Ind reflected signal component is the use of
psuedo-r,ndo. (PRN) sequence Ind corr.l.tion technique. One PRN lyst.. which has been tested utilized a
127 bit direct psutdo·randa. sequence tr.ns~itted through the satellite (Prettie. et 11, "77). At the
rec.iyino tt""'1aal ttl. MIltdli"a 127 hit DfoIJNa.,.anrlntll ~.n... " ... uu ........ ' •••;f ~( ...."a _.AaluA ~( __.I ._~

3.1

2.3 Diyergence Factor

'The divergence factor takes into consideration the convex shape of the reflecting surf.CI.

The divergence is given by (Beckmann and Sp1zzich1no, 1953):,

Refer to Figure 3 for definition of te~.

Th. di~er9ence is very sensitive to the he;ght of the receiving aftttn~. The divergence factors for an
Intenna at 100 feet. 30,000 feet, and 70,000 feet is shown in Figure 6 (Foley, It al. 1968)

• 2.4 Fade Rate
The IUlt1p,th fad, rate can be deter-ined pIOIetricllly by CAlculating the r.te of chante of the path
diffe~nce between the direct and the reflected cOMPOnent (Bond, F.E•• 1967). .

F.de r.te • de deAd) f c
it de c

(See Figure 3 for definition of terms).

• great circle angle between ,ircraft and satellite

• CS, + dZ • d

- carrier frequency

• speed of light

• (r • h, )l+(r + h2)Z w 2 (r + hl) (r + hZ) Cos e»)~

• [rZ + (r + h1)l - 2r (r + h,) Cos a)~

• [rZ + (r + hZ)1 • 2r (r + hZ) Cos &)~
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, bf\we~n. the d;~ct And the ref),cud corre)6tion indicates tl'le alllpl itude difference of the dirett ano
reflected signals. The t1~ difference indicates differential path dellY.

The results of the PRM correlation technique with the sltelf1lt It I high elevltion Ingle are shown in
Figure 11 for In overheld type Intenna (Johnson. A. L., )978.1). The reflected signll is delayed IPproxi­
mit.ly SO ~icroStconds Ind is Ipproximat.ly 20 db lower in ~plitude thin the dir.ct signal. The results
in Figure 12 Ire for &horizon coverage antenna It a slte"ite elevltion Ing" of 24-. Here the reflected
signal is only IpproxiMately 1 db below the direct's1gnal. A rather long tra11 of diffuse energy is
evident with delays up to 15 microseconds later thin the specullr cOMPonent. The energy reflected from ice,
Figure 13, is Ipproxi~tely 5 to 10 db below the direct signa'. The reflections fro~ '.nd, ev.n at
relatively 10. ele\·;t1on angles (f'i!1'~"e 14) are down s1gri1fiuntly frem tht water reflected llIu: ~iplth.

3.2 Directive Antennas

Anot~r technique which provides infol"'lllltion on the ",flected cQllPOnent is the use of a directive, bottom­
mounted antenna Ind a seplrlte antenna mounted on top of the aircraft (Prettie, C. W., 1917). Thts
'technique allows the ~.surerent of the direct and reflected conoonents for ~diuM to high elevation Ingles.
as shown in Figure 15. Oyer water the bottom antenna yielded a strong reflected signll It high elevltton
angles with the Iverlge reflected energy IPproximately 6 db less than the direct received energy (JOhnson.
A. L•• 1979). The bottom receiVed s1gnll, Figure 16, Ippelrs noise-like with fade rates of 10 to 100 Hz·
and • pelt-to-null amplItude of 10 to 15 db. Over 'and, It I h'gh e'eYlt1on angle, the bottom .ntenn.
yielded a less consistent reflected s1gnll, Figure 17. The average signa' energy was appro~imately 10 db
less than the direct signal.

4. I,.,-ROYEHEHT FACTORS

4.1 Antenna Polarization

The fact thlt the reflection coefficient is dependent upon Intennl or si9ftll pol.r1zation l.lds to the
obv\ous conclusion that different signal polarizations will experience diff.rent mult1path flding depths.
Elp.ri~ntal observations have confi~ the predicted results. Measureaents of the signal received from a
satellite utilizing I linear antenna polarization showed that the mult1plth f.d1ng depth increased sharply
as the ,'evlt1on angle decrelsed, Figure 18. Hultipath fide depths of grelter than 20 db were experienced

~~- .t very low elev.tton Ingles (Jorden, K. l., '96').

Howtnr. satellites which employ c1r~IJlar polarb~tion provide considerlble protection. aOlinn low angle
multtplth flding. Extensivt measurements are s~r1zed in Fi9ure 18 showing that the multiplth fading
tends to peak up It ~ DQder.t~ly ~ow eleyat10n In,le with the fade depth seldom exceeding 10 or 12 db
(Johnso~, A. l., 1974). As the "evation angle decreased, the fade depth decreased to approximately 5 db.

4.2 Antennl Directivity

If. directive aircrtft Intenna cln be used to minimize the il1uainltion of tbe reflecting surf.ce, the
mult1p1th fade depth can be reduced significantly. As discussed in Section 2.1, Intennl directiVity is the
largest mult1plth fide f.ctor under the system designer's control.

4.3 Diversity Techniques

Due to the mult1path ge~try. the multi path fld1ng is very frequency selective. As a result, frequency
diversity techniques work extreMely well to overcone the mu1tipath fading. The results of a triple
frequency diversity scheMe Ire shown in Figure 19 (Johnson, A. L., 1968). The maximum frequency seplrltion
from Frequency 1 to Frequency 6 is 300 KHz. The eleYation &ngle at whIch this multipath occurred WIS
approximately 8-. From Figure 19 it Cln be seen that when Frequency 1 is in a faoe. Frequency 6 is at its
multipath peak. The utilization of I diversity combiner can virtually eliminate the effect of this type of
multipath fld1ng.

Another example of frequency diversity 15 rapid freQuency hoppint of e signal where the hopping rate is
grelter than the dltl r.te (Johnson, A. L., 1971). Ft9ure 20 shows ehe recetved s19nll level of an unhopped
Ind a fast-hopped sign.'. C~ining the .ult1ple frequency hopped chips into a s1ng'e data bit significantly
reduces the effect of the multip.th fading period.

Space. or antenna d~~ersity, cln sign1fic.ntly reduce the multiplth fading if the antennas are .~.cea far
enough apart to decorrelate the fAding. Vertical spactng of approxl~~tely 5 to '0 ~a~elengths is usu.'ly
sufficient to decorre11te the fading. Horizontll spicing of SO to 100 wavelengths 15 needed to provide
)imilar decorrelltion.

Time diversity techniques Ilso improve mult1p.th fading performance. The use of error correction coding cln
provide the needed t1~ diversity. USually interlelving of dae. bits is reqUired to brelk up the burst
errors whfeh multip.th fadfng produce. ~rror correction coder/decoders cln only effectiveli correct random
error pi tterns.

5.0 UNEXPECTED ~LnPAlll RESUlT5

s., Coastal Hultiplth

An unexpected result of the botto••ntenna test d,scribed in Section 3.2 was the discovery of a strong.
specular reflecti~e co-ponent IS the a1rcraft pissed over a coasta' erea. Thts effect ~as noted as the
aircrlft flew in th! vicinity of the Gulf of Hexico At a high elevation ang'e to the sltellite. An irregular.
noise11ke sign.l was experienced as the airtarft flew over 1eKas, ri~ure 2\. As the aircraft approached
t-h. ""JlCt' ,..f T."'.e I C'h.,."la .. ".".",,~I'''''' ",o:'C' p,.,,.,.;,,oA f",. ..... "".."'1104_...... 1,,. A .... _.;........ T"'. J1.; .. ,. ... ~,. .....~_'..l~, ,."t'"ct...,



of 10 to \5 .11es. This specular component is not peculi.r to the Te~as coast, but has been recorded .10n9
, the COlst of Louisiana, Virgini., C.nlda, Greenl.nd, Mexico, Centr.' AMtric••nd HudSOn BIY (Johnson, et al,

1977 Ind 1979). The strength of the specular reflection is so grelt that its effec·t is ¥1s1ble on .n uPWlrd­
looking entenna. Figure 22. The upw.rd antenna hiS a d1scri.'nation factor of approx1M1tely 30 db between
the direct Ind reflected sign.'. The ringing type mult1p.th sho-n in Figure 22 WIS recorded .5 tht aircraft
p.ssed over the coast of Lou;siana (JOhnson, A. L., 1978-2). The 2 db of MU1t1plth 1s the result of I
reflected signal whSch is dOwn approxi.. tely 14 db below the direct signal.

6. CONCLUSION

Test results h.ve confirmed that seVert multiplth fadi~9 can be experienced .hen the eircr.ft ;s c~nicating
with I satellite at low eley.ti~n .n91es. Over w.ter Mdeep, contit.~au. multip.th 1s USUllly experienced.
While over '.nd, A sporld;c multipath is usually encountered. Techniq~~s which tan significantly reduce
the multiplth fAding inclUde ant.nna discrimination. use of circular pol.rilat1on and frequency diversity.
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